In this paper, a new compact but efficient Maximum Power Point Tracking (MPPT) circuit is added to the conventional battery charger. The battery charging is composed of two steps of the Constant Current (CC) charging and Constant Voltage (CV) charging. Unlike the conventional CC charging, the new MPPT circuit can adjust the charging current according to the sunlight intensity to deliver the largest available solar energy to the battery. For the CV, the proposed battery charger can keep its charging voltage on the full charge level thus it does not lose the battery capacity due to the undercharging. The new battery charger can deliver more power to the battery than the charger without MPPT by 98.8%. Also, the charging time can be shortened by 52.3% with 10.5% of layout overhead.
Introduction
As portable devices are being smarter, they become more power-hungry. To satisfy this high demand on power, high-capacity energy storages are needed. Another way is recharging batteries by harvesting energy from the environment. Among various kinds of natural energy sources such as sun, wind, vibration, etc, the solar energy is regarded the most popular because of its ubiquitous availability, high power density, and that DC voltage is obtained directly from the solar cells.
The output power of solar cell array is greatly affected by sunlight intensity, temperature, etc. Figure 1 (a) shows a typical voltage-power relationship of solar cell array. As the solar array voltage (V SA ) increases, its power which is calculated with V SA × I SA increases first and then decreases. Hence, we can define a maximum power point (MPP) as shown in Figure 1 (a) . I SA is a current that comes from the solar array. MPPs can be varied with temperature, light intensity, etc., as shown in Figure 1 (a) . To obtain the maximum power from solar array, we need to keep tracking MPPs with temperature and sunlight varying from time to time. Various methods for the maximum power point tracking (MPPT) have been developed [1] . The Hill Climbing (HC) method is the most popular and accurate for many photovoltaic applications [1, 2, 3] . The very complex digital logic such as CPU, DSP, and so on, however, should be used in the HC to keep tracking the MPP of the solar array. The complex digital system is not adequate for simple portable solar battery charging circuit. A fractional open-circuit voltage (k · V OC ) of the solar array is also known to approximate the MPP [4, 5, 6] . Here k is a fraction number. By sampling the V OC , the MPPT can be implemented using a simple analog circuit, though the k · V OC MPPT circuit is worse than the HC MPPT in finding the maximum power point accurately. Figure 1 (b) compares the MPPs calculated by the HC with the MPPs by the fractional V OC . Though the gap between the HC MPP and k · V OC MPP changes with light intensity and temperature varying, the gap is less than 5% that is acceptable in the portable solar battery charger. For the simple portable charger, the k · V OC MPPT that can be implemented using simple analog technique is more favored than the HC method with the complex digital system. A typical block diagram of the HC MPPT circuit which is composed of CPU core, ADC, etc [3] . Compared with the HC MPPT circuit [3] , the proposed k · V OC MPPT circuit is simply composed of OP amp, OTA, and some passive elements. The area overhead is estimated as small as 10.5% compared to the conventional Buck converter. If SAMSUNG 0.13-μm process is assumed, the overhead of 10.5% is roughly estimated as small as 0.02 mm 2 that is at least 10 times smaller than the estimated area overhead of HC scheme which includes CPU core, ADC, etc [3] . For realizing a solar battery charger embedding the MPPT circuit, twostep charging of Constant-Current (CC) and Constant-Voltage (CV) should be implemented which is shown in Figure 1 (c) [7] . In this paper, a newly proposed MPPT circuit is added to the CC scheme, where the charging current is not constant anymore and can be adjusted according to the fractional V OC to harness the largest available solar power at a time-varying sunlight condition. The two-step battery charging sequence is shown in Figure 1 (d) , where the charging current can be adjusted by the MPPT circuit. Once the CC charging ends, the CV starts to fill the battery capacity up to its full level. This full charging by the CV is very important because the undercharging only by 1.2% below the full-charge voltage can lose almost 9% in the total power capacity [7] .
New MPPT circuit
Figure 2 (a) shows the block diagram of the solar battery charger with the newly proposed MPPT circuit. This charger is based on the conventional Buck converter with its current-mode control [8] , where the charging cur- rent, I L is controlled not to exceed a certain limit. The current-mode Buck converter controls simultaneously both the charging current, I L , and charging voltage, V BAT , unlike the voltage-mode converter. The Buck converter in Figure 2 (a) delivers the solar energy to the battery using the two-step charging scheme of the CC and CV, as explained in Figures 1 (c) and (d).
The new MPPT circuit is added to the conventional Buck converter thereby the charging current during the CC can be varied according to the sunlight condition which is tracked by sampling the fractional open-circuit voltage, k · V OC , periodically. Here, the fractional voltage can be sampled by a very slow clock such as 10 ms and k used here is 0.78. The sampled voltage is stored and compared with V SA . The MPPT circuit adjusts I MPPT which becomes larger for strong sunlight and smaller for weak sunlight to bias the solar array on its maximum power point. The adjustment is done by subtracting I MPPT from I SEN that is obtained by the current sensor circuit that senses the charging current, I L . Here I L is mirrored to I SEN by the scaling ratio, α, as shown in Figure 2 (a). By doing so, a large I MPPT for strong sunlight increases the charging current, I L . On the contrary, a small I MPPT for weak sunlight lowers an amount of charging current. Figure 2 (b) shows how the new MPPT circuit works with the conventional current sensor [8] to adjust the charging current according to the sunlight. First, we explain the conventional current sensor. Here M P1 and M N1 are the gate drivers in the power stage. When V Q is low, M P1 is turned on with delivering the current, I L , to the battery. Here I L is mirrored by M P4 and the sensed current, I SEN can be approximated by α · I L . Because M P4 is 1,000 times smaller than M P1 , α is 1/1,000. The new MPPT circuit in Figure 2 (b) can adjust the charging current to bias the solar array on its MPP. To do so, the fractional V OC , k · V OC is compared with V SA . The differential voltage between V SA and k · V OC is amplified by OTA 1 and is converted to I MPPT using the V-to-I circuit in Figure 2 (b). When V SA is larger than k · V OC , I MPPT becomes larger. To compensate this large amount of I MPPT , I SEN should be larger thereby the charging current, I L becomes larger, too. The lager I L demands a larger amount of I SA from the solar array thus V SA begins to decrease to deliver this larger current to the battery charger. This negative feedback is stabilized when V SA becomes equal to k · V OC . When V Q is low and M P1 is on, I 1 through R 1 is calculated with
Here, A V1 (S) is the transfer function of the OTA 1 and R 2 is the resistor in the V-to-I circuit in Figure 2 (b) . When M P1 is off and M N1 is on, I SEN becomes as low as I BIAS . Figure 2 (c) compares two cases of weak and strong sunlight. For weak sunlight, I SEN is lowered due to a small amount of I MPPT . On the contrary, I SEN becomes larger when I MPPT is large because of strong sunlight. Here I RAMP is added to eliminate the well-known problem of sub-harmonic oscillation in the current-mode Buck converter [8] . From Figure 2 (c) , we can see that the charging current can be controlled by changing I SEN which is adjusted according to I MPPT that comes from the newly added MPPT circuit in Figure 2 (b) . By doing so, the solar array can be biased on its MPP that means that the battery charger can deliver the largest available amount of power to the battery.
Simulations
The circuit simulation was done with SAMSUNG 0.13-μm CMOS technology. The solar array used in the simulation has the open-circuit voltage and shortcircuit current which range 3.6 V-3.9 V and 75 mA-150 mA, respectively. The solar array is modeled by Verilog-A using the practical model parameters from [9] . Its voltage-power relationship with various temperatures and light intensity is plotted in Figure 1 (a) . Figure 3 (a) shows the simulation results of the charging current and voltage for weak sunlight and strong sunlight. From this figure we can see that the CC charging is conducted, first, as an amount of charging current can be adjusted according to the sunlight by the MPPT circuit. As the charging voltage becomes close to a target voltage, the CC charging is replaced with the CV, where the battery voltage remains around the target voltage but the charging current is lowered. Comparing the strong and weak sunlight in Figure 3 (a) , the charging current for the strong sunlight is larger than the weak sunlight, as explained in Figure 1 (d) . The charging voltage, however, should be the same regardless of the sunlight intensity, as shown in Figure 3 (a) . Keeping the charging voltage constant during the CV is very important in making battery lifetime long. As mentioned in the introduction, undercharging only by 1.2% results in 9% loss of battery capacity. Figure 3 (b) shows how fast V SA can follow the maximum power point which is decided by k · V OC . In this simulation, the tracking time is shorter than 250 μs and the maximum error between V SA and the calculated power point is smaller than 5%. Figure 3 (c) shows the solar array power which is delivered to the Buck converter. The comparison is done between the battery charger with the new MPPT circuit and without the MPPT. Here I SC means the short-circuit current that is in proportional to the sunlight intensity. As you can see here, the new MPPT can make the solar array deliver 98.8% more power to the battery, when the I SC = 150 mA. Figure 3 (d) compares the battery charging time between the battery charger with MPPT and without MPPT. When I SC = 150 mA, the new MPPT circuit can save the battery charging time by 52.3% than the battery charger without the MPPT. The previous MPPT circuit [4, 5, 6] which is based on the voltage-mode Buck converter can have the current overshoot problem, as shown in Figure 3 (e). Unlike the previous MPPT circuit, the new k · V OC MPPT that has the current control loop can regulate the charging current within a certain limit thus the new one does not show any current overshoot, as you can see in Figure 3 (e). The other previous MPPT circuit based on the current-mode Buck converter was also proposed in [10] . Though it can regulate the charging current very well, an external resistor for sensing the charging current is used in [10] thus a large amount of power can be lost at the external resistor. Our new MPPT circuit has the CMOS sensing circuit that does not need any external resistor thereby it can save a large amount of power. If we assume that the sensing resistance = 1 Ω with the charging current = 100 mA, 10 mW is lost at the sensing resistor. The new MPPT circuit, however, consumes only as small as 0.45 mW that is 20 times smaller than the previous MPPT circuit with external sensing resistor.
Conclusion
In this paper, the new compact and efficient MPPT circuit is proposed for the portable battery charger. The battery charging is composed of two steps of the CC charging and CV charging. Unlike the conventional CC charging, the new MPPT circuit can adjust the charging current according to the sunlight intensity to deliver the largest available solar energy to the battery. For the CV charging, the proposed battery charger can keep its charging voltage on the full charge level thus it does not lose the battery capacity due to the undercharging. The new battery charger can deliver more solar power to the battery than the charger without MPPT by 98.8%. Also, the charging time can be shortened by 52.3% using the MPPT circuit with 10.5% of layout overhead.
